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1. Rmu)mJoTm#‘

Two +ieldsare reservedfti the appliiatlonof roclmtpower
@.anta. .

The firstfieldis determinedby the faotthatthe roolmtpower
plant is the only t~e of powerplantthat can -producethrustwith-
out dependenceupon environmeti.For this field,the rool.mtis there-
fore the onlypossiblepowerplantand the llmitof what may be done
is determinedby the statusof the technicaldevelopmentof these
powerplantsat the givenmoment.

The seoondfieldis that in whichthe rocketpowerplantproves
itselfthe ?mst suitableas a high-powerdriveIn free competition

“with othertypesof powerplant. The followingexpositionwill be
devotedto the demaroatlonof this fieldand itsdivisionamongthe
varioustypesof rocht powerplant.

*%aketentrlebwerlmauf der Salpeter&rebasis und Ibrespezl.-
fischsnAntrlebsgeviohte.” R-Antriebe,Sohriftender Deutsohe
Akademleder Luftfabrtforschung,Heft 1071,Hr. 62, 1943,pp. 91-126.

,

%!hefollowingreportdealsvery largelywith the resultsof
researohand dsvelnpmentwork doneby a oooperatlvegroupthatwas
set up underthe leadershipof Hedwlgat EMw for work in thispar-
tloularfield.
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As the basisof eva@atbq or”the dlffe~nt types
the exampleof Sohelpin uslpgths apeoiflcPropulsive
followed.2

,.

!mlMoa 1.145

of power plant,
weightswI1l be

2. PzwpulsiveWeights
‘.

In figure1, the speoifiopropulsiveweightsof two typesof power
??-- am *. That 1s, the sum of the emptyweightof the power
plantand Its fuel oonsum@ion,both basedon the unit of free lmpulse4,
~ P~tted ~~t the ow=tlng t2me for a certainspeedand altitude.

The considerablefllghtspeedof 250 metersper seoond.atsea level
was takenas the basisof the dlagmm.

In this diagram,in ordert~ be able to plot the rangein which
rocbt unitsoyerate,the speciflo‘propulsiveweightof the rmket
mr p~t% th=t 1s, the orderOf magnitudeof the two previously
mentionedcomponentsof the propulsiveweIght,mustbe detemnned.

The firstcomponent,the spmlfio ooneumptbn,dqehds particularly
upon the ohosenpropellantaomblnation,that 1s, upontbe seleotlonof
the oxygenoarrjerand the fuel. The choiceof oxygencarrierhas a
substentidly greaterinfluenoethan any differencesthatwouldarlee
from,theuse of various fuelsbelbngingin the high-valuecategory.

Figure2 showsthe energydistributionof the threemost favored
oxygenoarriers. Here pure liquidoxygenappearsto be markedlysuperior
to peroxideand to nitricaoid.

2For the pnrpse of thisreport,ntumlyaohlevemnt of a rough
demaroatkm, the ~ropulslveweight”Is an adsquatecriterionof value.
A more preciseexamtitionwould have to ~lude flying-mngeformulas,
fundamentalequatIon of the rockets,and so forth. For example,It Is
clearthatwith equalpropulsiveweightthe powsrplanthav~ the
greater~CA comment: Obviouslythe authormeans “lower.”] spscifio
oonmmptionwould In effectalwaysbe tkm betterone.

% denotesthe fieldof the
that of tkm turboJet engine.

%he free Impulseeqnalsths
of the powerplant.

ordinary reciprocatingengineand T

impulsegeneratedminusthe reslstanoe
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3%0111the totalquantityof chemloally releasedheat,however,
the heat of vaporization,which In the roc~t enginecannotbe

-< recwered,wuut-the heat”of”dtssoolatibn,’exoeptihgthat pE& of the
heat OS dissociationcorrespondingto the reversalof the dissociation
duringthe e~lon, -t be deducted.

Nor can mm than a oertalnproportionof the zwldual energy
. detemslnedby the expansionratlo be oonvertedIntokinet10 jet

energyand thenonly on the assumptionof Meal oonveraion.

l%om a oonslderationof the fozwgolngdisousaion, the theo=tl-
oal consumptionsare suchthatthe superiorityof oxygenappears
greatlyreduoed.

The theoreticalspecifit3oonmmptionsand the corresponding
consumptionvoluma are shownIn figurs3. The specificconsumption
of o~gen is only a few peroentbetterthanthat of peroxideand
nitricacId,whereasnitricsaid showsby far the s?ml.lestspeclfic
volumetricconsumption.

If equal excellence of designend constructionand equal struo -
turd, Wgl&htBam assumed,this smllar specificvolumeresultsIn a
notloeableIncreaseIn maximumpropellantloading. This increasehas
a strongIlx?luonceon maximumpssible ~rformanoe In the aeronautical
and especiallyin the balllstic applicationof rocketpowerplants.

The specificvohmer3,however,alsohave a substantialinfluence
on the SFUCific vaiuesthemselves,namelyon the ooneumptionper unit
thrust. The couplingof the specificconsumnitionwith the SpOOifiO
volumethroughthe resistanceof the surroundingmediummay be expressed
for a few llmltingoasesby meansof simplerelations.

Thus,for the simplestease,that of the winglessbody In a
stateof unlfom motionwith propellantsof equalheatveJue,the
ratioof the speoificmnsumptionsmultipliedby the ratioof the
si~olfic ~lghts with ~ exponentof 2/3 is constant. [KACAcomsent:
The assumptionhaa beenmade that “hOGh2/3”means “withm
erponent2/3” elthoughsubstitution of the aotti ~rdlnatesof
the steepestourveIn figure4 In the formula y.XW = K is not.
correctas K successivelyequals0.924,0.952,0.89,and ~+.]

This nl.ationis shownin figure4. From this figuremay also
be seenthat the Influenceof the specificvolumesbecomessmaller

- whenwings em’ Wld@l‘to‘“thetidy,Ihat 1s,with Inoreasihgratioof
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thle addedzwsistanceto the totalresiEtanoe- with Inoreamlmg
valuesof ca. IMrlngthe aotualprmess of aooelemtion,the dlreot
Influenoeof the speclflovolumeis rele@ed evennme marksdlyto
the bao~.

The abovestatementswill be brieflyIllust=tedby meansof a
practicale~le.

In f@ure 5, the fli@t rangesof roclmtproJeotllesare plotted
againstthe ratioof propellaiit“weightto take-offweightfor three
differentloadlngsper unit &-a5. The valuesare basedon nitric
acid;the loadlngsh the caseof oxygenare in aooordanoewith dif-
ferenttinsit16s.

lbr this representation,it shouldfurtherbe notedthat a
ballistIc loadingper unit area of.0.7 kilogralnper squarecentImeter
is unlllnd.yto be attained;It Is muchmore lihly that the attainable
loadlngwill be about0.3 kilogramper squareoentImeter. Consequently,
the two upper solidcurvesand the oorrespondlngdashedcurvesare
eliminatedfor oomparatlvepurposes.

Furthermore,when it is talmntitoacoountthat,with eq- excel-
lenceof designand conetruotion,the rangesattainablewith nitric
acid correspondto thoseattainablewith oxygenat somewhatlarger
valuesof the rat10 of propellantweightto take-offweight,it is
seenthatthe mater attainablerangesalwaysmrrespond to opera-
tIonwithnitricacid.

As a ccm.eequenoeof the low specificvolumeand of the qeoific
conmmptionsthat are actuallyattainable,if the dlssoclation and
the pmct Icableexpansionratiosare considered,hl@.y oonoentrated
nitricacid Is euperlorto otheroxygencarriers.

The addit Ional great advantages of nitricacid,that.is, lower
vaporpressure,advantageousfreezingpointof -42° C, desirable
ignitionbehavior,ease of obtainingoompletecombustion,and stable
structure,whIoh ellmmtes s~nt~ous ~wmPosltion> as ~11 ~ ‘~ .
faotsthatnitrioacid 1s easilyobtainable,may be tranqmted
readily,and storedIndefinitelyand a numberof metallic,oeramlc,
and syntheticmterlals availablethat are eitheradequate or absolute
proofagainstnltrlcacid,cle=d.y?mke It the best oxygenmrrier for
rooketpowerplants.

%mely, the loadingsper unit areaof the projectileswithout
propellant.
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Lutz E@ EerteloGLledattentionImthelr reportsto the -at
advant~e of epmtaneoualy”reaotlngpxpellant oomblnatloneIn

.,..-!-----..famllititll!&the’light6Et&hd sim@est Oonstzuotltiof mold poimr
plants●

BeoauseMm successfuldevelopmentof fuel oomblnationsthat
oan be produoedin adequatequantitysatIsfyall the requirements
for roolmt.fuelsand aro oapableof readyreaotlonwithaitrio aoid,
for example,the @nitIon delays-f%om oontaotuntilthe appearance
of the flarereaotionin the BMH fuelsalmunttolesst hanone . .
thousandthof a seoond,oreation of roolmtpowerplantsof the
“slmplpstmohanloal omstzuotlon6usingnitrioaoid reoentlyhas also
been possible. Addltio~ stifferrequlremntsfor the resistance
of nitriosoldto extrem cold (resistanceto arotioconditions)have
been met. That 1s, bwerlng of the freezingpetitof nitricacid
by meansof admlxturee7was possible. For example,the additionof
4 percentby.weightof iron trlohlorlde(FeCl~● 6H20)effeoteda
loweringof the freez

9
pointfrom -420C withoutadmixtureto -56°C.

Merition ehouldbe made hat withnmst of the spontaneouslyreacting
fuelethis admitiurealsoreeultedIn a subatantlalreductionof the
Ignlttondelay.

Nitricacid can be Improvedwith regardto greatestdensityof
propellantand loweetbpeclf10 consumption.If oxidesof nitrogen8
- dissolvedIn nitricacid,specifhallyabout40 peroentby weight
of nitrogendioxide(N02or l’i204),the densityof the nitricacid oan
be raisedfnm 1.52to 1.62and therebythe volumetrlooonsumptlons
can be deoreaeedby about6.5 peroentand the ~vimetrlo consumption
oan be loweredby about2.5 peroentthus substantIallyimpmvlng the
oonsumptlonper unit thrust. With thiegoes a I.owerlngof the freezing
pointand en inoreasein ignitability,as well as a substantial
improvementIn the corrosionqualitl~s. The basisof this improve-
ment Is the freedomof the aoid from water,whloh“resultsfrom the
newlyestablishedequilibriumcondition.Thus in this ease,an
Imp?xmment.In the oorrosivebehavioroombinedwith a reduotlonin
the consumptionexists,whereasin the oaeeof mixedaoldsgthe “
improvementof the corrosivequalitiesInvolvesan IncreaseIn the
oonsumption.

6Spontaneouslyreaotlpg @pellants eltilnatethe otherwiseneoes-
sexy specialdevicesfor Ignltlon,as well as the obstructionof the
propellantinletIntothe combustionohemberby the @nit ion ~e -
ments. .

.!..-. --,.-.. %..------- -r. .. .-
‘“?~a{erm~-ot~r” “th~ .

%%s nst suitableare nitrogendloxldeand nitrogenpentoxlde.

%hat 1s, a mktum of nitrioand sulfurloaolds.

.
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of Improvement,especially
wl~ respectJk Ocmsumptdikn,thzwughsel.cottonand devebit of -
suitablefuelswill not be dlsous~ ~; in &is oonneotionrefer-
enoe Is made to the reportby Hertel.

OnlyW questionof the suitablapro’portdgnsof nitrioacid
and fuelrermdnsto be oonsldemd. AS shownin flgurs6, the-miti~ “
~ti~ Is ~t ~~=d’ at the Stoiohiomtrioratioas oaloul.at+jd
for oomplstaoonibustionbut these~ Me in the regionof exoess
fuel. . .

Ibtheflgure eu’e aown =-@ ions, teapraturee and speoifio
weightsof the oombinationfor a@ohol (~thanol,CH~OH~and for a
reprepentatlve of the spontaneouslyreactIng fuels (orthotoluidine,
c#4NH#H3) ●

“lbrtunatelyin this oaeeboth thesestatisticaldataon the
pnoess of combustionand certainspecificqualitiesof nitrioacid
to be oltedsubsequentlyagree @ requirementof exoessfuel.

Ey operationwith an exoessof fuel,not only are the optimum
vspeclflucmsumptions obtainedbut alao,as wI1l.be skwn subsequently,
exhaustgasesfree of oxidssof nitrogenh pract~calopmatton.

!R& seleotionof nitricaoid as the best &gen carrtirdetermines
the orderof ~ilmade of the oonsumptionsper unit thrust. Attention
will now be turnedto the otheroomponentof the propulsiveweight,
namelythe specifIc power-plantweight.

The speolfiopower-plantweightis pr-lly dependdnton two
faotors: first,the mthod of ln~eotlngthe propellantand second,
the mgnttude of the combustion-chamberpressureselmted.

The oustcnmmyfuel-supplysystemsm presentedin fIgure7 for
comparison.

The mnstnuctionBlmwnat the top is that of the olassioform
of the zwcket,the solid-fuelpowwrplant,probablythe oldestcom-
bustionpowerdeviceof mankind. The othersketchesshowthe systems
of SU~p~~ fluid~ro~llants.

In the secotiyewerplantshown,the supplyIs aocompllshdlby
00m-m98t3a
to ;rlefly

gas dlsphcing the ropellants.Thisunittill be referredE
hereinafteras the compressed-gasappm’atus.”



---

. ..

IwA TblIRo.IM5

In the ehtch at the bottom,the fuel
IWPS d=MnJY a turbinethatah suxIPlled

Sujplyis effectedby
with .-. .-, ~l!e~lant

as used by the rooket~ This unitwill.hereinafter be referred to
ae the ‘rpump app4u3tua.” .

The rmdnlng thigmm la that of a unithavingdifferential
pMx3Xle . The supplying of the propellant is accomplishedby the
combustiongasesthroughthe mediumof a free pleton. The excess”
InJeotlonpressureis obtainadfroma differencebetweenthe piston
surfacearea exposedto the gas and that exposedta the liquid.
This unitwill here~r be refezz=eflto brieflyas the “piston
ap~tue. W

Beforethe differenttypesof powerplantcan be
with eaohother,the opthum operatingpressuresmust
for eaoh type.

I’m thispurpose,inveetlgatlonof the influence
combustion-ohamberpressureon the coneumptlonand on
of the Installationis necessary.

compared
be estimated

of the
the Weight

An increase In combuetIon-clusmberpressurehas an advantageous
ef feot on oonsumptIon h two ways: fIrst,throughthe reductIon in
the degreeof dissoolatlonwith increasingcombuetlonpressure,as
shownIn figure8, wherea dimneionlessCharaoteristiovaluefor
ooneumptionIs plottedagainstcombustion-chamberpreseum ad
seoond,throughthe betterpressureratlcfor the expansionof
the Jet thata highercombustion-chamberpnssum involves.

In figure9, this secondeffeotIs also representedby means
of a dlmenalonlessconsumptioncharaoterleticplottedagal.netthe
oombustlon-chamberpressure. ~ considerateion of the faot that the
_t* of t~ baok pressurealSC has a considerablejnf’luenceon
the expansionratlo,the oharacteristic valueswere plottedfor
threedlfYe~nt back pnseures correspondingto threedlfferant
tititudss,

The diagramis made atillmore oomprehenslveby the addition
of the dashedcurves,whichexprees.t~ llmltationaImposedby the
practicalllmlton the possibleexpanaionratios. The eq=m.sion
ratio is tahn as 50 b this case.

. .., It,aknildbe notedthat,.asprellqlnary
shown,the llmitatIon of the expanelonmat10

Imest$gatlons .lmve
is not determined

— ——- ...—
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by teohnicalcoolingfaotorsbut resultsfrom aa@.ynamio and gaa-
mi~ ~Bi~~tlone tivol~d ti the ~st eff~oientdef3ignof the
tail of the aircraft.

In accordancewithwhat has previouslybeen said,the consumption
oharaoteristiosimplyreaoheano minimumin the caseof the solid-fuel
rocketbeoausethe ourveof cnnaumptionshowsonly a decreasingten-
denoyas the combustion-ohamberpressurerises.

llbrthe pistonand oomprsssed-gasappamtus, however,.asa oon-
sequenoeof the costof forcedsupply,minimums,whlohocour,to h
sure,at very high oombnstion-chamberpressures,are found.

In the turbineunit,theseminimums, especd.all.y when the effi-
cienolesof turbineand pumpsare introducedIntothe oalcuhtions,
lie at substsmtlallylowerpressures. Theserelationsare shownin
figure10.

ThusWitinrespectto Consumption,an optimumcombustion-chamber
pressureof 75 to 100 at?mspheresabsoluteapparentlyexistsfor
operationat soa level;however,the pressureis alreadyreducedto
about25 atmospheresabsoluteat an altItudeof 16 kilomters.

If the valuesfor consumptionare mw oombinedwith the construo-
tlonalweights,whichare alsoa functionof the combutiion-chsnber
pzwssure,the specifIc propulsiveweightsfor the differenttypesof
-r Ptit and for variousoperatingperiodsare obtainedas functions
of combustion-chamberpressure.

“b figure11, the theoreticalspecificpzmpulsiveweightsare
plottedagainstthe combustion-chamberpressureat an altitudeof zero
for opezzrkingtimesof 10 @ 100 eeconds.

The actuallyoptimumcombustion-chamberpressureis for all units
substantiallylowm than thatbasedon the conceptof consumption
alms. Thus,at sea levelfor piston and compressed-gasunitst~
pressureamountsto about25 atmospheresabsoluteand for the pump
unit to about50 atmospheresabsolute;for the pumpunit at an altituda
of 16 kilometersthe pzwssureis about18 atmospheresabsolute.

The minimumsof the time-dependent curveswere then plotted
againsttime in figuzw12 In whichlimitingvaluesof speoificcon-
stzmctionalwei@ts and of specificpropulsiveweightsare plotted
againstthe lengthof the fullthrustperiod. The dashedourve
representsapproximatelythe statusattainedat the presenttime.
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In figure13, this ourve,wmh iS -a

9

on weightedoonstruo-
has been erbendedby

s-howlngthe-”se~tionof the curveapplylng-tosolld-fuelroclmte.-

11’omthis f@ureJthe regionIn whicheach typeof rocketpower
planthas the most ad~ous pmpulslve weightcan be found.

The follow$ngbriefre?mu?ksare of#emd as to the chamcter
of the ~eo:

The llmltingvaluetowamlwhichthe curvefor the pump puwer
plantasynrptotloallyteds is the valueof the speclflcconsumption
includingthat of the turb@e lnoreasedby the associatedtank
Welghta . This Value is thereforeonly a”few percentgreaterthan
the oombutiion-chsmbermnsumptlonalone.

The curvefor pistonand oompreseed-gasunitsfollowsa
similarcoursebut the limitingvalueis considerablyhigher
becausetho pzmssure-rseistazitconstructIonresultsin a greater
associatedtankwel@t.

In the solid-fuelzmoket,the explanationfor the minimum
and for the branchof the curvethat risesagainwith time is to
be found in the decnase of stabilityat higher temperatures.The
rlslngb-h of the curveflattensout In its subsequentooume
and againtendstowarda iimltingvaluedeteznhed by the stability
to heat at the highesttemperate?.%reached.

The curvesprovidebasesfromwhichto eetlznatewhat can be
aooomplishedwith mclmt powerplantsand maim possiblethe advan-
tageouslayoutof even firsttentatIvedesigns.

~ figure 14, the scopeof figure1 is extendedby including
the envelopscurvefrom figure13. In termsof the generalorder
of nngnitude,this fIguregivesthe rangeof applicationappro-
priateto the rocketpowerplantas compaxedwith the otherpro-
pulsivesystems.

some basicconsiderationsZ’emBinto be mentionedin Connection
with the two diagramsthat embodythe resultsof the previouspre-
sentatIon:

For mm exactevaluations,theserepresentationsmustbe
extendedto includethe variationswith speed and altItude.

I
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I& an.adequate evaluationof any pwer plantboth the oonsump-
tlon and the oonstznmtionalweightem to be basedon the freethrust,
that 1s,Useful.thrust, . . . . ,

“Fun&mentally,figure14,.@loh is basedon am altitudeof O kilo-
meters,showsthat a regionexistsin whlohmoht powerplsntsare’
superiorto otherpropuleive Eystems. The soopethus orig~ball.y
assignedto roclmhpropulsionIs considerablye-d as altitude
increases.

As to the boundaries between the fieldsof the -Ious t~e of
roclmtand betweenrocketpropulsion@ otherpmpulslve systems,It
shouldbe notedthat the spedflc propulsiveweightdoesnot only
re~S- 811 hldSX Of Whd iS ~otioally possible,but lmy l!ibO be

used as an Indexfor mat eoonomioaldesign.

ThusJ In all applloatlonsin whichthe specificpropulsive
weightis not the only detemMnant of the attalnabllltyof a pre-
scribedgoal,the me.chanioall.yslmpl.erunit shouldatill be used
even In that part of the m= .in whichby usinga mom nmchanically
complicatedunit a reductionin the specifIc propulsiveweightcould
be achieved. !l!hiaoonsMent ion Is ~ioularly applkable when,as
in the caseof projectilepropulsion,the unit oanbe used onlyonoe
becausethe emmmlc costper kllogzwmof construotlonalweightmay
beas muchas

Beoause,
sImplertypes
the preceding
the Indioatecl

100 timesthe oostp& kilogramof pxwpellant.

accordingto the precedingdiagmims,the mxhani”mlly
alwayscorrespondto the shorteroperatingperiods,
reasoningleadsIn effeetto an extensionof eachof
-s h the directionof lo-r operatingperiods.

The greatadvantagesto be securedby usingvariousoombinations
of differentpropulsivesystems10and of differenttypesof rocht
pmpulslonlloan also be deduoedfromfigures13 and 14.

l%hat is, the comb~tlons MT, M& TR, andMTR. [IMCAcement:
See footnote3, page 2.J

%hat is for example,the mmlhation of pumpwith c_ssed-
gas, pumpwith’solid-fuel,and compressed-gaswith solid-fuelmcha-
nlsms..

. .

—-. . .. ------ ... . . -mm
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3. omERATmG CoMslmRMl!IoN’s
. .

Edofi”thla reportis”bnolude-dwith a mentionof the existing
laounaein devemt and more Qspoially In basioresearoh,whioh
must be filled,furtherdleousalonof aertalnapeclflooharacter-
Istloaof nltrioaoidtill be desirable. ,

.,
H&hly c&centratedni~rloacl& .whiohis preciselythe only

kind that is appropriateas an oxygencarrierfor roolmtpower
plantsbeoauseof the advantageousoonsumptlonfi~s obtainable
with it; oausesmetalsthatotherwise,are zwadilyoxidizable;for
example-n, to.beoomepaeslve;-therefore,tkse.metalsare not

‘”attaolmdby nltrloaoid,whloh is free fromwater. This passivity “
1s exhibitedh largerde-e by alumlnumand alsoby chromium.

This oharmterlstlcand the fad that the aoid 1s hygrosooplc
pointto the neoessityof sealedstorageIn o-r that the oontainer
materialswill not be oxoessivelyattackedby dilute~acid and
tracesof nltmus aoid thatare formedas a resultof atmospherlo
moisture.

SteelshavingV 2 A characteristics,that is, highlyalloyed
nickeland chromesteels,may be oltedas metallicmaterialsthat
are parthularlyresistanteven to dilutedsold.

Ceramicmaterials,suchas poroelain,glazedstoneware,and
bakedenamels,are mat attaokedat all by nitricaoid and ?wmt
varietiesof glassare completelyresistantto it.

As coatingand oalkingmaterials,thereare availablesynthetIos
develoyd by the 1. G. ~ben IMustry Ino.,namelyhighlypol.ymrlzed
hydrocarbonsbasedon ethylene,suohas the Oppanols,partloularly
OppanolB 200 (moleoularweight200,000),and the Zupolenes,es~olally
LupoleneH (moleoularweight25,000to 30,000). Amongfibrous
materials,asbestosand PeCe fIbers(polyvinylchloride)showcomplete
resistanceto the acid.

As sealing liqutdspossessingadequatepassivity~ nltrlo
aoid,pamffln oil,pure,MB 6, and oils and exmzl.sionpolymers
developedby 1. G. FarbenIndustryIno.,suohas SS-oil906,are
available.By use of the materialsmentIoned,performanceof all
neoessaryhandlingof nitrlosold and maintainanoeof reliable
oper@ion IS ~ssiblq.
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As examples of the safe, even Clean,fillingof powerplants
with nitrlosold,figureM showsthe open fill~ of a smallunit,
rlgure16 show the fillingof the M-511 ,mit,and fi

w
17 shows

the fillingof an 8-oubio-metertest-staudIn.stallation . .“

Therehas beenmuoh disousaionof the tidged e6peoi&lpoisonousness
of the exhaustgaseswhen operatingwith nitrioaoid. The nitrousgases,
particularlynitrogendlox!de,am powerfullung poisons.

Nitricaoid decomposesreversiblyat relativelylow tempe~tures
with the formationof nitro@n &ioxidewhereasfmm about17000C
GUM!.Aoomment: h obviouserrorin the temperaturehas been oorrected.1
it undergoesan”imeversibledecompositionwithoutthe fommtion of any
nitrogenoxides.

The numemus oxidesthat oan be formedwith nitrogen, whioh is
2-, 3-, 4-, and S-valent, with one exception,nitrlooxide (NO),have
in oonmn a more or lessmrked instability.Som nitngen oxides
deoomposeevenat ratherlow temperatures,othersat highertempera-
turesbut all thesetemperaturesm far belowthatwhioh is obtained
in the oombustion ohamber.

Nitridoxide,however,whichat lowertemperaturesoombineswith
oxygenfromthe air to fcm nitrogendioxide,is fomed in ever increasing
quantityat temperaturesabove70@’C. [NACAconmmt: k obviouserror
in the temperaturehas been oormoted.]

The deoomposition equationsfor the reaotIonsnwntionedare:

4~3@4H02+2H20 +02 - 61.6g-oal

~~3~21f2 +2 H20 +502 - 29.2g-oal

2N02*2m +02 - 27 g-ml

2N0 *NZ + 02 + 43.2g-cal .

on the basis of thesezwlations,t~ fo-t ionof nitriooxide
and of the nitrogenaiOxidethatnitrlooxideform in air can easily
be preventedby proper operatingarrangements.At combustion-chamber

12rnthe developmentof groundequipmentfor tho troops,the
fundamentalrequlmnent of sealedfIll@ arrangementsmust be nwt.
A vapor-returnlineand self-oloslngoouplingsshouldthereforebe
provided.
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temperatur& above 16000 C, practically oomplete decompositionof
the nitricoxides18 assured. If In sdditlonIt Is insuredby en
&~prti~ “iixtiess”of fuelthata defioienoyof oxygenI.mlnmbpos-
siblethe thermalformationof dtrlc oxidein the hottestpwhs of
the combustionclamber,that 1s,wherethe abeady completedoombua-
tionyieldstenpmtures of over 27000C, even the combustion-gas
Jet obtainedIn routineoperation vill be free of nitriooxide.

R’aoticeconfims the correctnessof thisreasoning.l’igure18
showsignitIon in the M-51O unit,which is accomplishedby the use
of spontaneouslyreactingfuels.

The beginuingof combustionin the samepowerplantmay be
seen In figure19.

The two followingfigures,20 and 21, show thispowerplant
operatingat full thrust. Combustionfree of nltrlooxideis
clear~ evidentin both photographs.

‘P ginnizgof combustion1f the EMf-513.unit is shownin
figure22 3, whereasin figures23 3 and 24 the sameunit is shown
in normaloperation.

EYomthesephotographs,it is alsoevidentthatthe combustion
is freeof nitricoxide. Thesephotographsof Jet operationshow
the combustIon of nitricacidand methsnol. Nitricoxide-free
combustion,however,IS eqyal.lyattainablewith othorfuels. lh
this connectionattentionis calledto figure18; furthermore,
figure25 showsthe cabustion chamberof the EMW-548unit op?ating
with spontaneouslyroaotingfuels.

4. PUKTHERllEvEIOPMEN?l?

T)m developmentof rooketunitshas made ooneidenblestrides
in the recentpast;for example, specificconsumptionsat sea level
of 4.9 kilogramsper ton seoondhavebeen attainedin reliableand
reproducibleoperatIon. The desirefor refinementsand the neces-
sityfor the achievementof minimumstructuralweightsand oonsump-
tionsresultin a vastnumberof individualefforts,whiohare col-
lectivelydecisive.

%he stress-carryingsheet-metalooverof thisunit,to which
the combuetIon chamberwouldordinarilybe attaohed,has been
removedin orderto ehovthe operationof the diffezwntialpiston
and the strength Of the pipi~ .

— —
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The suooess or fa~.lureof theseeffortsdependsa greatdeal
upon how far theywill be foundedupon and mrried out as basic
research. Certain of theseproblem thatmust be solvedwill be -
subsequentlymsnttonedbut one of themwill be discussedat this
point●

Many currentneedscallfor a powerplantwith the most advan-
tageousweightper unit thrust of the rocket-r plantbut at the
sametimethe powerplantmust showso muchbetterconsumptionthat
it cannotbe designedin VISVof the limitingvalues. The induotlon
of an alr chargewouldbe a means,especiallyIn regionsof greater
air density,of reducIng the qeciflo consumptlonsfar belowthose
of orthodoxrocketunits. BecausecentInuous admixtmre of air can
produceno decisiveresults,the tidalair Inductionwouldhave to
be Intermittent.An intermittentlyoperatingrocketunit of slmpk
constructIon,however,wouldrequirespontaneouslyreactingpropel-
lantshavingvery shortignitiontimes. Becausethesepropellants
are now available,the develcqmentof suchunitsseeminglycouldbe
underlzbn with a prospectof success. The mechanicalcomplexity
of sucha unit, If designedto operateas a gas-pressurecompressor,
wouldbe substantiallylessthan thatof a unit usi~ pumps. -

As a firstroughapproximateion,consumptIonsup to about30 per-
oent lowerthan thoseof the orthodoxroclmtunitmightbe expected
at sea level. Of courso,theseconsumptionwill risewith increasing
altitudefinallyequaling,or In certainolrcumstanceseven sllghtly
exceedi~, thoseof orthodoxrocketunits.

Becausean Importantclassof rockettits, namelyrockotpro-
jectiles,is not receivingspecializeddiscussiontoday14,this
sectionof the presentreportwill be concludedby presentIng a
dingram(fI&. 26),which showsthe rangeas a functionof the ratio
of usefulloadto propulsiveweI& for the simplestcase,namely
the noncatapulted,wingless,one-stagerooketpmJectile.

As power-plantveightson whichto base thisdiagram,the nominal
Mmiting valuesplus 50 percentwers tabn. The weightsare therefore
too favorableand cannotbe attaind In pmctlce, particularlyin fIrst
attempts. The practIoalrangeswill thereforebe somewhatlessthan
thoseshownhem. On the otherhand,the dlfferenoebetnen pump,
compressed-gas,and pistonunitswill be somwhat loss.

%forlsing sessionof the Geman Aoademyof Aeronautical Research}
Au&ust5, 1943.
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Br these ourvee, a pzupellant loed of 10 tonswas assumed.
For larger projectiles,tb rangeswouldbe smmewhatI.nmeasedover
those. g~vea; In- the mse Of ~n ~deatilss,.for exeaml.etith
a l-t& p&lUmt load,the zangesimuid be re&oed 10 p&oent on
th average.

Sims reseemoh problemswill now be ltsted,the solutionof
whiohwouldsubstantiallypronntethe developmentof rcmketpower .
planta:

1. Production of a chromtum plat * freeof holesand mdcs
and adheringfirmlyto steelor of Ohromioigedsudfaoelayers.

2. Developmentof nitric-aotd-proofoonstrucitionalmaterials
of high heat oonduotivityand greatresistanceto heat.

“3.Surveyof the possibilities of increasing to an adequate
degree the nmlstanos to oyolioal tempedwre changes of fim-
resisteatmnelnnzational~terials at tmmtuzwa above 25000 C.

4. Iwest Igat ion of tlM flowrelationsin oombustion chambers
and thmst nozzlesInoludingthe aotualturbulanoe,

5. Investigationof the flowrelationsin the gas-pressure
compre~sor.

6. Clarificationof stilJunansweredquestionsti oonneotion
with tidalair induction.

7. ClarifIoationof the reaotionkinetIos of nitrlo-soldfuel
13ystems.

8. Surveyof possibilitiesof Inoreadng the zwaotionspeeds
of suoh systems.

9. Determination.of the timerequiredto establisht~ dis-
sooiatlonequilibriumwith risingand with fallingtemperatures.

10. Surveyof the possibilitiesof syntktio pmduotlon of
S~tEUMXIS~ reaot~ fuelsof hi@est heatvalue●

,.. , -. ....

.— —m
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U. Iktemh8ti0n of the tempemtuieand the oombustlonarea
in thb oombustion dambeir,derivationof a combustionchamberof’
mlnhnum volume,and Investigationof the relationbetweencombu&Uon-
chamber volume and specif% consumption.

12. ~veatlgation of frictionconditIonsIn the thrustnozzle
(limitationof the optimumnozzleby frlotlon).

13. Investigationof the Influenceof the areaof the nozzle
mouthupon the total.resistance(aemd#namlcallyand gas dYnSmicdly)
cud on the consunm.tion per unit thrust.

14. Investigation of heat tminsferat extremevelocltIes and
temperatures(as In thrus$nozzh).

15. Detenhat ion of the
the combustiongasesat their

16. Iktermlnation of the
vari@s temperatures.

17. Determlnatlonof the

heat conductivityand the viacoaityof
tempemtures.

heat conductivityof nitricacidat

heat conductivityat high temperatures
of the materialsueed In the constructionof combustionch&ers.

18. Detemdnatlonof the heattmnsfer at exlnsmevelocitiesto
the nitricacid on the cooling-ndiumside.

19. Determinationof th basicconstructionalformsof tiJectlon
nozzlesthatwill insurethe nmst rapidinitiationof mmbustlon and
the most thoroughcombustIon.

6. 8UMMR%

By wiw beyondthe purelythermdynamicallyand gas dynamically
determinedrelationsto Includaaezmdynardcsand by applicationof the
criterionsof practice,whichmust be concernedaboveall with large-
scalemilitaryuse and the problemof tranqmrt and supply,technical
highlyconcentratednitricacidhas been shownto be the best oxygen
carrierfor roclmtpowerplants.

- ..— .

In terms of order of mguitude, the scopeof applicationof nitric-
acld mclmt power plantswas detenubd as well aH the componentranges
of the chiefexamplesof typicalpropellant-supplysystems. This scope
of use liesbetweenthat of solid-fuelrocketpowerplantsand thatof
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turbojet KnltEl but for expsdlalileitemsand for higheraltAtudes
the llmitsgivenare shlf%edIn tk dlrectlonof longer operating
t.imw., .-.,.... .... - . - . .-

Speoiflcohmwterlatio valuesthatwIU enableboth the aero-
dywualoead the balll.sticexpertsto detemdne the best over-all
des~ for theirpzwJeotshavebeen defined.

It has been shown thatnltrloaoidmay be haudledsimplyand
with c h$gh degreeof safetyand thatellmj.nationof the fomation
of nitrousgasesduri~ the combustionof nitricsold is ea~..

The suooessftddevelqpent of spontaneouslyzwaotingfuel
combimtionsvlth shortIgnitton periodsnow =kes possiblethe
developmentof pump-suppliednitric+wid powerplantsof nchan-
loa13ysimpleoonutnction.

The detemhed effortto reducestillfurtherthe ignition
periodsof Buchfuelcombinationshas sucoeededto sucha degree
thatthe dsvelo~nt of a meohanieallyvery simplein+armlttent
roclmtpower plant inking use of tMal.aid Inductionmay todaybe
undertalamwith pro.specta of suoceas. With suoha unit,a demisive
reductIon of might per unit thrustin the regionof greaterair
densitymay be expectedand this reduotiontill resultin a sub-
stantialinorsasein the remain- flyingtims arailablefor
hi@er altitudes.

Some open questionsfor researohand developmentvork havebeen
mentionedm which connectionit shouldbe rememberedthat pure
researohin particularoanmdre very importantand deoisiveoon-
triktions to fhrthersuocessfildevel.opmnt.
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Figs. 3,4 NACA TM NO. 1145

HO22 HNO, o2
A hydrocarbonof 10,000 kg cal/kg is assumed as fuel
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Figure 3. - Theoretical specific consumption in kilograms
per ton second and liters per ton second.
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Figure 4. - Relation between specific weight and specific
consumption for rocket projecti Ies.
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Figure 7. - Basic forms of rocket power-
plant construction.
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Figs. 9,10
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specific consumption as chamber operates through variation
in expansion ratio.
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Figure II. - Limiting values of specific propulsive weight

in kilograms per ton second as function of combustion-
chamber pressure for 10 and 100 seconds of full thrust.
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Figure 15. - Filling BMw-549.

Figs. 15,16

Figure 16. - Filling BMW-511.
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Figure 17. - Filling pump for BMW-!51O.

Figure 18. - Start of ignition in BMW-510.
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Figure 19. - BMW-510 in operation (start of combustion).

Figure 20. - BMW-510 in operation.
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x- .,,

Figure 21. - BMW-510 in operation.

Figure 22. - BMW-51 i in operation [start of combustion).
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NACA TM NO. I 145 Figs. 23,24

Figure 23. - BMW-511 in operation.

Figure 24. - BMW-51 I in operation.
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1

Figure 25. - Operation of combustion chamber of BMW-548.
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Figure 26. - Flying range of large-caliber rocket projectiles
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DISCUSSION

. .
“Busem&ln: ‘I thankMI’.zbOrOWSki. We havegained-fromhlm an

insightintoa programof developmentthathas had as itsmain
problemthe applioation of nltrlcaoid as an oxygencarrier. We
have now heardtwo papersdealingwith partioulazzoxygencarriers,
thoseof Mr. Walteraod Mr. Zborowsld. I wish now to invitediscus-
sionof thesetwo papersboth of which Inoludepraotlcalappllcatioa
in their scope. Does anyonewish to ask a question or take the floor?

Hoffhann: Mr. Zborowskimentionodat the end of his paperthe
Intermittentrocketunjt. Jh recentyears,I have carriedout exper-
imentson Intermittentrmket and R-L units. [NAM comment: R-L
designatesa pwer plant comlxlnlngthe use of -rocl.mt(oxygen-carrying)
propellantswith the Intermittentmmbuatlon and tidalah induction
prinolplesof the Intermittentram Set,] I believeIt wouldbe useful
to outlinebrieflythe importantfeaturesof this field of work:

The unit,for examplea tube,Is chargedeitheraxiallyor from
the sidewith propellant(thatis, oxygeacarrierplus fuel)for a
certainlength ~ (combustion-chamberlength). After ignition,which
may ocourat any point,the ocmbustionand the expulsionof the hlgh-
pressuregasesoccur. The approxlnmtemurse of pressurevariationat
the thrustplate,shownIn figure3-1, my be derivedfrom the qmtz -
m’ystal pressure-recordercharts,the evaluationof which Is difficult
becauseof the low naturalfrsquenoieaof the p~ckupunits.

After the steeprise of pressurethat IQ c~cteristic of com-
bustionat constantvolumewith an oxygenmtiture,an expansionof
the gasesbeginsthatas the resultof inertiais continuedb a pres-
sure ~, which in the test-standexperimentis lowerthan the outside
atmosphericpressure pa. The man reactionpressureexertedon the
unit Is in aooord with ~he equation:

Lr
T

R.p#. ; (Pi - pa) dt
o

Becausethe potentialenergymade availablein the combustion
chamberis tranefomed Into ki~tic energy of the outflowing Jet, the
distrlbytlonof prewure alo~ the lengthof the tube is nonuniform.
At the“outflowend a pressurediagram,whlohresemblesthe variation
of the soundamplitudesto whichdetonationpzmcessesgive rise, is
obtained. A very steeppressureincreaseand decroasois followedby
the rather flatourveof the pressure of the outflowinggases.
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Became of the pressurediffereue pa - ~, am fins in at
the open end of the tube. The gas remainingin the tube is driven
towardthe thrustplateand compressedto the pressure pa or even
to the pressure p . The temperatureof the gas liesabovethe igni-
tion temperatureo? the propellantmitiure,thereforewhen the period
is of shortdurationthe nextworkingcycleis initiatedwithout
~gnitionby externalnwans if,as in the Dieseleugine,propellant
is sprayedintothesehot gases. If’,however,the propellantsupply
ia continuous,an automaticallyIntonnittentoperationw311 oocurif
the pressurewave providesa pianeof divisionbetweenthe fresh
mixtureand the outflowinggasesand if autoignitlonis avoidedby
a drop in the temperatureof thu gas behindthe pressurewave. In
this case,an oper[.~ingfrequencyestablishesitselfthat is prac-
ticallyinverselyprqmtional to the length Lz of the combustion
chamberand is independentof the leagth L of the tube.

For the attainmentof optimumthrust,figureD-2 indicates
that a tuningof the operabingfrequencyto accordwith the tube
lengthis necessary. The deviceis operatingIn resonanceIf the
pressurerisedue to the succecdhg comlmstionOCCUZ-Sat t2 or t3,
as may be appropr+.ate.In the casoof a 324-millimetert~be operated
with controlledintermittentpropellantsupply(gasoline-~mirture)
a curveof mean thrustforceas a functionof the tube length
(fig.D-4)was obteinedfor opcrutionat partialload.

The tidalair inductioncan be fullyeffectiveonlywith the

optimumtube lengkhbecauseif L~~pt then in accordancewith
figureD-2 the pressure pa or ps will not be built up in the
tubebecauseof the oscillatingmas~ of gas.

I investigatedthe questionas to what lengthof combustion
chamberor as to whaz amountof pzwpellantchargea proportional
increaseof thrustis obtained;this in7estigatloncoveredtubes
of variousdiameters. (Seefig.D-5.)

~addition to the optimumtube length,thereis an optimum
combustion-chuberlengthor propelknt charge. UP to ~ c)pt~
the reactiveforce increasesnearlyFnqymtionally. A fufiher
increaseis possibleoniy at the costof ~rsaterspecificconsump-
tion. Theserelations~.l=hencofli~htin tubeswith blocked
inletsboca~.seat a certainmm velocitythe combustion-chamber
lengthbeginsto exceedthe optimum va’.ueand thereforea docr~ase
in the effectivethrustappe=s.



Increaalmgthe tube crosssectionEhowathatwith the optimum
combustion-chamberlen@h remainingpracticallyconstantand with
eq~- ~cif 10 consumptionan.Increaseof thrust ammximtOQ .

JYOPCtiiOIUl to the tube crosesectIon occurs.

The temperature-riseefficierwyIncreasesduu@.y untilthe
pointof optimumpmpallant charge1s re’ached.The tIda).air induc-
tion ratioof In&awn air to propellantsuppliedshowsthe opposite
tendencyand thereforein the reglouof optimumpropellantcharge
the productof the mass of the exhaustnnlltlpllea by the mean exhaust
velocityremainspracticallyconstant.

The Intermittentroclmhunit, In whichthe tidalalr induction
effectis securedby the suckingin of the massesof air thmu@ the
openend of the unit Is capable,.In the test rig and with pzwpor
controlof the propellantquantitlet3,of obtalni~ a specificconsump-
tion lowerthanthat of currentcontinuw~s-combustionoperation.

Onlywhen intermittentrocketsare combinedwith Paul Schmidt’s
jet tube is a propulsivesystemcbtainedthatpzmmisesto bridgethe
gap betweenthe R and the L units. The llmitsof the utilization
of the combination,as well as its operatingbehavior,are mainly
determinedby the magn:tudeof the specificconsumption(g/kgsee),
by the weight,and by the spatialdlmmsions (aerodynamicresistance).
The ~pecificconsumptionof the combinationin the test standand in
a certainspeedand altituderangeliesbetweenthatof the R and
the L units.

SyotematicalJyconductedtestshave shownthatthe Intzmduction
of additionalair throughthe closedend of the tubo leadsto a
substantialdooreasein the srecificconsumption.The closureproblem,
whichoffereda greatdealof troublewith the SchmidtJet tube,
becomesa difficultpzmblemin the caseof the R-L unitbecauseof
the greatermean thrustdensity (kg/cm2) and the higherpressure
peaks.

I have testedbothautomatioand meclumicallyactuatedclosure
arrangements.The mechanicallyactuatedexrangementsprobablyhave
a longerlifebut they involvecomplexityarnlincreasedweightof the
propulsivesystem. T~se ~nts ~qu~ a~ifo~be~vior Of
the processin evGrycyclebecauseotherwisethe pmsibility of
Incompleteclosurearises. Furthermore,the attaimmnt of the

. . opt& thrustshuunin figureD-4
frequencyto the giventube lenghh
tion of the externalpressure. In
when the exteraalp?.%ssurechanges
automaticallyestablishesitself.

tiquk?s the tuningof the imposed
duringflightIn caseof altera-
the PaulSohmidtszulArgustubes,
the correspondingoperatingfrequency

—
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It thereforeseemsto be appropriateto strivefor a simple,if
possible,entirelyautomatic syetemof operationfor the 3-L unit
also. EffortsIn this direotlonhave ab=ady beenmade. I should
liketo.enu?mmatebrieflythe foremoetproblemsyet to be solved:

1. Front-endolosure”~ente

2. SelectIon of suitablepropellantcombfnatIons

3. Amangeuwnts for conveyingand Introducingthe pro@lant

4. cooll~

5. Choiceof Internaland externalshapeof the unit to secure
god themal effIclencyand low aerodynamicresistance

For the pzmductionof an R-L unit suitablefor practicaluse,
the development of whichI endeavored.to IndIcateIn my research
reportof July 5, 1943,the closeccoperatlcnof all researchand
developmentauthcrltlea that has beenMr. Schelp’sgoal is absolutely
necessary. I shouldliketo ml-lparticularattentionto the effort
at thispoint.

Schelp: We earlyconsideredwhetherthe developmentof inter-
mittentrocht units shouldhavebeen startedlongbeforethis.
The taskwas assignedto a certa~nfirm. Mwever, the effortfailed
at thattimebecausethe necessarybasison whicht~ drivesucha
~ev?.cowas lacking. At that time,therewouldhavebeen no pointin
pouringlargesums into sucha developmentas the existingbasisof
eventheoretical.knowledgoof nonunifom gas dynamicswas too small..
The problemsare.very difficultand cannotbe set forthas simplyas
wouldat firstappearfor we must not overlookthe factthat these
firstresultswere securedIn the test rig and will prtisumblybe
decieivd.yalteredin fly- operation.In eurveylngthe entire
powur-plantfield,withoutdoubtthe bridgebetweenthe L unit
and the R unitwill be foundIn the so-called R-L -r plants
thatgraduallywill be developed.A IIK)reexactdemarcationof the
scopeof applicationof theseymer plantsmust waitupon t~ma
becausepreciselythe resultsin the adJotilngfields,presumably
with respecth attainableoutput,may yet surpriseus.

Zborowskl: I shouldlilmto underscoreMr. Schelp’sopni~
wordsbecauseon the basisof weighteconomyuse of gaseousprope-
llantsin powerplantsoperatedwithrocht propellantsseems
unsuitableand thereforeto thisverymomentit has not been
possibleto envisionseriouslythe undertakingof this development.
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Beymd that,in theeejet tubesin Partlcw a verycritioal.e~nd-
Itureof weightand meohhnlceloomplioationmay In oertainoases

....... .. rqgultfpm-,t~e oho~ce of t~ti met~d of foroedsupply. If, hcwwver,
as a methodof foroedsupp~ for the titibewe utilizediz%otlyor
ind~rectlythe gas pressureitself- and this is onlypossible
beoeuaew havehad availableteohnicalpmpellanta with shortlgnl-
tion tires- a unit of Littlemchanioal mmplexlt~ may thenbe
dealgned. Suoha unit oouldbe operatedat highfrequenoyand in
its combustion,but not in its omsumption,wouldbe lilman ortho-
dox zwok t powerplantIndependentof the densityof the mrroundlrlg
mediumand of the velocityof its forwardndzion.

Schelp : It Is only necessaryto mentlpnat thispointthat stll.1
anotherproblemis detemminative in thzs ~vdo~nt. In most oases
thesepowerplantsare used for the pmpulsiun of aircraftthatare
mmned. The most peri%ctpower plant is of no use If its operation
has effectsupon tho pilotthatare inJurlmaa b health. The fIrst
signsof Q@ry are beoomlngapparentin the pulseJet tubesand must
be vary earnest- studied.

BusMann: To return to the -ports of ~mwskl and Walter,the
reportswere a sourceof partlaularsatisf~ctlmIn that theypresented
completedpracticalunits;yat the d.lemusslonhw dealtnot at allwith
thosounitsbut has Insteudtakenthe unitsfor ~anted as accomplished
facta. The ctrcumstanoethata more livelydlacuasionof theseunits
did not arlsoBhouldthereforein no my be interp=tedas causedby
lackof interest;on thu oontrary,we are varygratefulfor their
reportson the presentetatusof development.

Translationby EdwardS. Shafer,
HatIonalAdvisoryCommittee
for Aeronautics. .
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Figure D–4. - R = f(L1.

n = 32 cycles/see = constant

Lz = 64 cm = constant
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Figure D-5. - R = f(LZ)

n = 32 cycleslsec = constant
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